abstract one of the factors determining the homeostasis of biological systems is the balance between the formation of reactive oxygen species (ros) and the activity of the antioxidative defence system. regarding seasonal variations in secretory activity in different parts of roe buck's (Capreolus capreolus) epididymis, the aim of present study was to compare the expression of selected antioxidative proteins in three periods of the rutting season. using proteomics methods (2d page, tandem mass spectrometry MS/MS) 5 antioxidative enzymes were identified for the first time in different segments of the epididymis of the roe buck. the highest expression of these enzymes was found in the rutting season. findings indicated that the antioxidative function of the buck's epididymis, regardless of the period of the rutting season, but particularly in the rutting season, is maintained mainly because of the presence of three conservative polypeptides: glutathione S-transferase (GST), protein disulfide isomerase A3 (PDIA3), and PDIA3 precursor. Moreover, a protective role against the harmful products of redox reactions is played during the discussed periods by peroxiredoxin-2 (PRDX2), identified in the cauda of the epididymis. In the tissue of the corpus and caput of the epididymis its expression was only found in the rutting season. the expression of biliverdin reductase a (Brva) in the epididymis was only observed in the rutting season.
The roe deer (Capreolus capreolus) is a typical species with seasonal breeding. The breeding season is defined by three periods: 1) pre-rut season (May-June); 2) rut season (July-August), which is synchronized with female oestrus; and 3) postrut season (first fortnight of August). Changes in the composition of cells in individual segments of the epididymis corresponding with annual changes in spermatogen-esis were found in mature roe bucks (Shön and Blottner, 2009 ). Most of the research examining the epididymis to date has been limited to the study of the secreted proteins involved in the maturation of spermatozoa. It is important to understand the protein components, and the regulation and function of the tissue itself, since these are the basis for all of its physiological processes (Yuan et al., 2006) .
Antioxidative proteins and peptides determining normal functions of the reproductive system are a subject of special interest. Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen. These include free radicals -molecules with one or more unpaired electrons, and hydrogen peroxide, hypochlorous acid and nitrous oxide (Sharma and Agarwal, 1996) . Spermatozoa are able to generate ROS, whose low concentration plays an important role in sperm physiological processes, such as capacitation, acrosome reaction, and signalling processes to ensure fertilization (Agarwal et al., 2014) . Overproduction of ROS or depletion of the compensatory potential of the antioxidative system in mammalian sperm leads to oxidative stress (Guthrie and Welch, 2012) . Prolonged exposure of spermatozoa to ROS causes damage to plasma membranes, motility disorders, chromatin destabilisation, and consequently leads to loss of fertilizing capacity (Aitken et al., 2012) . Mammalian spermatozoal membranes are rich in polyunsaturated fatty acids (PUFAs), and are sensitive to oxygen-induced damage mediated by lipid peroxidation. Spermatozoa are sensitive to ROS attack, which results in decreased sperm motility, probably by a rapid loss of intracellular ATP leading to axonemal damage, decreased sperm viability, and increased mid-piece sperm morphological defects with harmful effects on sperm metabolism (Sikka, 1996) .
Regarding seasonal variations in secretory activity in different parts of roe buck's (Capreolus capreolus) epididymis, the aim of present study was to compare the expression of selected antioxidative proteins in three periods of the rutting season.
material and methods
The reagents used in the experiment were supplied by Sigma-Aldrich (Saint Louis, MO, USA) unless stated otherwise.
sampling of material and preparation of samples Testes and epididymides were obtained from 15 hunted animals with the permission of the Regional Directorate of the State Forests in Krosno. Samples (n=5 animals per season) were taken in 3 periods of the rutting season: pre-rut season (May-June), rutting season (July-August), and post-rut season (first fortnight of August). Epididymides were dissected and subdivided into three anatomical regions (caput, corpus and cauda). Tissue samples were frozen in liquid nitrogen.
Proteins from tissue specimens were extracted using a TRI-Reagent Kit, according to a previously described method (Chomczynski and McKay, 1995) . The protein content was determined according to a previously described method (Bradford, 1976) . two-dimensional polyacrylamide gel electrophoresis (2d page) Two-dimensional polyacrylamide gel electrophoresis (2D PAGE) was performed according to the method of O'Farrel et al. (1975) with some modification, using 3-10 pH gradient. The extracted protein samples were applied onto strips (50μg protein per strip) (Zoom Strip, pH 3-10 NL, Invitrogen, Waltham, MA, USA) fixed in a cassette (Zoom IPG Runner cassettes, Invitrogen, Waltham, MA, USA). After isoelectrofocusing (IEF) and strip equilibration in buffer: 6 M urea, 2% SDS, 0.375 M Tris, 20% glycerol (Polish Chemicals Inc., Poland), 2% DTT and 0.2% Bromophenol Blue proteins were separated (SDS-PAGE) in 12% gels (Laemmli, 1970) using Mini Protean II Cell (BioRad Rockville, MD, USA). All gels were stained in Coomassie Brilliant Blue R-250 solution (0.025% Coomassie Brilliant R-250, 40% acetic acid, 7% methanol in deionized water) . The polyacrylamide gels were destained in a solution of 5% methanol, 7% acetic acid and deionized water. Destained gels were analysed with a computer program PDQuest (BioRad, Rockville, MD, USA). 2D PAGE digital images were analysed according to the PDQuest user guide, regarding spot detection, optical density (ODU), matching, and calculating Mr/pI values for all of the spots.
tandem mass spectrometry maldi-tof/tof
Spots of interest were excised from gels, digested with trypsin, desalted and concentrated with a ZipTip ® C 18 (Merck Millipore, Billerica, MA, USA). The prepared proteins were spotted (1.0μl) onto MTP 384 Polished Steel TF Targets and overlaid with a 1.0μl matrix solution containing 5 mg ml −1 α-cyano-4-hydroxycinnamic acid (Bruker Daltonics, Bremen, Germany) in 50% ACN and 0.1% trifluoroacetic acid. Samples were analysed with the Autoflex III Smartbeam MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen Germany). Chosen peaks were fragmented using TOF/TOF Lift technology, and identified using BioTools software (Bruker Daltonics, Bremen, Germany). Identification was performed by searching the NCBI database using the MASCOT search engine (Matrix Science, Boston, MA, USA). In all searches performed protein scores greater than 77 were considered statistically significant (P<0.05).
statistical analysis
Differences in protein spots' optical density were analysed by Kruskal-Wallis test using Statistica software (StatSoft, Tulsa, OK, USA). Differences between means were considered significant at P≤0.05.
results
Analysis employing proteomic methods, i.e. two-dimensional polyacrylamide gel electrophoresis (2D PAGE) and tandem mass spectrometry (MS/MS), identified 38 polypeptides from the roe bucks' epididymis having enzymatic, structural or cell signalling functions (data not shown) and 5 polypeptides with antioxidant properties. Regardless of the period of the rutting season three conservative polypeptides similar to: glutathione S-transferase (GST), protein disulfide isomerase A3 precursor (PDIA3) and protein disulfide isomerase A3 (PDIA3) were identified in all segments of the epididymis (caput, corpus, cauda). Moreover, in all periods of the rutting season the expression of peroxiredoxin-2 (PRDX2) was identified in the tissues of the cauda epididymis. In the caput and corpus tissues, only PRDX2 was identified in the rutting season, with traces of PRDX2 expression in post-rut season. Of all analysed electropherograms biliverdin reductase A (BRVA) was only identified in the tissues from the epididymides sampled in the rutting season. All analysed protein spots showed high protein sequence coverage and scores with predicted proteins from the NCBI database (Table 1) .
Depending on the period of the rutting season there were statistically significant differences (P≤0.05) in the concentration of identified polypeptides expressed in optical density units (ODU). The highest values of ODU for all analysed proteins were observed in the rutting season. Findings from analyses were confirmed by statistical methods (Table 2) . 
discussion
One of the factors determining the homeostasis of biological systems is the balance between the formation of reactive oxygen species (ROS) and the activity of the antioxidative defence system. This system includes many elements, both enzymatic and non-enzymatic, which by interaction ensure an appropriate level of antioxidative potential. It should be noted that activity of antioxidant enzymes in male reproductive system is determined by species, for example all basic antioxidant enzymes (superoxide dismutase -SOD, catalase -CAT, glutathione peroxidase -GPx) were identified in stallion (Baumer et al., 2002) . By contrast in boar the superoxide dismutase was the dominant identified enzyme, meanwhile the activity of glutathione peroxidase was on very low level and the activity of catalase was not observed (Jelezarsky et al., 2008) .
Although our previous studies here demonstrated the activities and mRNA expression of SOD, CAT and GPx in the tissues of the male roe deer reproductive tract (Koziorowska-Gilun et al., 2015) , in this study there was no presence of these enzymes in the analysed samples. This result could be caused by the kind of method that we used for spots staining, which is too insensitive in the detection of polypeptides occurring in low concentrations.
In this study we used proteomic techniques and identified the presence of 5 antioxidative proteins in the epididymis of the roe buck, with the highest expression levels in the rutting season.
One element of an antioxidative defence system in human semen comprises glutathione S-transferases, from a family of isoenzymes catalysing the binding of electrophilic compounds and harmful products of lipid peroxidation by glutathione (Aydemir et al., 2007) . GST were identified in the epididymal tissue from the rat (Hales et al., 1980) and the head of goat sperm cells (Gapalakrishnan and Shaha, 1998) . It has been demonstrated that in goat spermatozoa, the sperm surface glutathione S-transferases are able to use extracellular glutathione to maintain motility, viability, energy status, and the ability to bind zona pellucida of oocyte during the exposure of sperm cells to H 2 O 2 or lipid peroxidation products (Hemachand and Shaha, 2003) . Studies by Ciszewska-Piłczyńska and Barańczyk-Kuźmiat (2000) revealed that GST present in each segment of bull and boar epididymis is likely to form a part of the enzymatic defence system in spermatozoa against the toxic effects of free radicals.
In our study we demonstrated the presence of GST in all segments of epididymis of the roe deer, regardless of the period of the rutting season, which may suggest the major role of GST in eliminating products of oxidative stress.
Similar expression was found for other enzymes identified in our studies -protein disulfide isomerase A3 (PDIA3) and PDIA3 precursor. Protein disulfide isomerases (PDIs) include the CXXC sequence with a cysteine residue, involved in thiol-disulfide exchange reactions (Ellgaard and Ruddock, 2005) . PDIA3 has the activity of thioredoxin, one of enzymes from the mammalian sperm antioxidant system (Zhao et al., 2013) .
PDIA3 was identified in sheep, goat and human testes (Zhang et al., 2007; Lv et al., 2011) . In ram sperm cells PDIA3 was observed in the entire spermatozoa, but mainly at the equatorial segment and the forepart of the flagellum (Lv et al., 2011) . Rat PDIA3 was also observed to some extent in acrosome; most were evenly distributed on the entire sperm cell membrane, except in the equatorial segment (Ellerman et al., 2006) . PDIA3 binds in vivo to specific DNA targets, which are mainly present in intronic sequences having the features of regulatory regions. The nature of the genes involved leads to the hypothesis that the regulation of their expression is part of the mechanism of action of PDIA3 as a stress-response protein (Huang et al., 2009) .
Another identified protein was peroxiredoxin-2, and this had the highest expression level in the rutting season. Relatively recently identified peroxiredoxins belong to the class of SH-dependent peroxidases. To date, 6 isoforms of PRDX have been identified, with transcripts located in the whole mammalian reproductive system. The key function of peroxiredoxins is to protect spermatozoa from oxidative stress (Gong et al., 2012) by neutralizing the toxic effects of hydrogen peroxide. Immunocytochemistry studies revealed a broader localization of PRDX2 in the plasma membrane, mitochondrial sheath, flagellum and head of human spermatozoa (O'Flaherty, 2014) . Using proteomic techniques and immunocytochemistry Manandhar et al. (2009) investigated the presence of PRDX2 in mouse and boar spermatozoa and in mouse spermatids. PRDX2 is an enzyme involved in redox reactions, and neutralizes H 2 O 2 more efficiently than glutathione peroxidase or catalase. Studies on boar and mouse spermatozoa revealed that PRDX2 follows a similar path to glutathione peroxidase 4 (GPX4). It is a soluble enzyme in spermatids but turns into an insoluble structural protein that colocalizes with the GPX isoform, becoming part of the mitochondrial sheath (Manandhar et al., 2009 ). Biliverdin reductase A was also identified in the epididymal tissues. However, the expression of BVRA was only observed during the rutting season. BVRA and the epididymal sperm binding protein 1 (ELSPBP1) are involved in the reduction of biliverdin to bilirubin (Sullivan et al., 2015) . In reaction with free radicals bilirubin is oxidized to biliverdin, which is again reduced by BVR. Because of these cyclic transformations one bilirubin molecule can quickly react with multiple ROS (Aprioku, 2013) . The activity of BVR in tissues increases under conditions of oxidative stress (Bełtowski et al., 2004) , which may explain the presence of this enzyme only in specimens dissected during the rutting season.
Conclusions
For the first time, using proteomics methods, antioxidative proteins were identified in different segments of the epididymis of roe deer. Findings indicated that the antioxidative performance of the roe buck's epididymis, particularly in the rutting season, is maintained mainly because of the presence of three conservative enzymes: glutathione S-transferase, protein disulfide isomerase A3 (PDIA3), and PDIA3 precursor. Peroxiredoxin-2 and biliverdin reductase A also have a protective function against the harmful products of redox reactions during the rutting season. 
